We have used a time-dependent numerical model to study the nonlinear thermal stability of static loops of various heights. Under the assumption of uniform energy input, high-lying loops (z apex > 5
I. INTRODUCTION
It is well known that much of the solar atmosphere is contained in looplike plasma structures which presumably are confined by the magnetic field (Orrall 1981) . Loops are seen everywhere on the Sun, including both active regions and quiet areas, and are observable in wavelengths ranging from the radio to X-ray. Though the term " loop " is sometimes taken to imply an observationally distinct feature, we use it below in reference to any magnetic flux tube for which the plasma is nearly uniform on each cross section. In this sense a loop can be a simple subset of a continuous magnetic field distribution, and the entire closed corona is filled with loops. It is clear that a general understanding of the overall solar atmosphere requires, first, an understanding of the individual loops which comprise it.
Most of the theoretical effort in loop physics has been directed toward hot loops, which consist of a million degree corona connected to the chromosphere through a very thin transition zone at the base (e.g., Rosner, Tucker, and Vaiana 1978; Craig, McClymont, and Underwood 1978; Vesecky, Antiochos, and Underwood 1979) . Recently, however, it was shown that uniformly heated loops with apex heights less than about 5 x 10 3 km may also admit a "cool" solution to the static energy and force balance equations (Antiochos and Noci 1986; Martens and Kuin 1982; Hood and Priest 1979) . This cool solution reaches a maximum temperature of < 10 5 K, far below that of the hot solution. Both solutions are possible for the same energy input, but in cool loops radiation balances energy input locally, whereas in hot loops much of the energy is conducted down to the transition zone where it is more easily radiated away.
The stability properties of hot loops have been the subject of considerable attention. Most investigations have been analytical and in the general manner of Field's (1965) linear perturbation analysis (e.g., Habbal and Rosner 1979; Hood and Priest 1980; Chiuderi, Einaudi, and TorricelliCiamponi 1981; Oran, Mariska, and Boris 1982; McClymont and Canfield 1983; Martens and Kuin 1983; McClymont and Craig 1985a, b; Antiochos and An 1987) . Though the results are somewhat contradictory and depend rather strongly upon assumptions made for the lower boundary, the general consensus now seems to be that high-lying hot loops are stable to small amplitude perturbations. Numerical studies of large amplitude perturbations, while inconclusive at this time, also seem to suggest stability (Peres et al 1982; Craig, Robb, and Rollo 1982; An et al. 1983) .
The stability of low-lying hot loops has been emphasized only very recently (Antiochos et al 1985; McClymont and Craig 1985a; Antiochos and An 1987) . Linear eigenmode analysis reveals that these loops are unstable to small amplitude perturbations whenever the apex height is less than a gravitational scale height at the base. For a base temperature of 2 x 10 4 K, corresponding to the Lya plateau, this scale height is approximately 10 3 km. Cool loops are always stable, on the other hand, since their temperatures lie completely within the thermally stable range of the radiative loss curve. This suggests that cool loops should occur in abundance on the Sun.
This last result would be especially important since an unresolved mixture of hot and cool loops has been invoked to explain the well-known observation of a minimum in the emis-NRC-NRL Cooperative Research Associate. sion measure distribution near 10 5 K (Antiochos and Nocí 1986; Dowdy, Rabin, and Moore 1986) . Previous efforts to explain this observation have met with marginal success (Athay 1984; Rabin and Moore 1984) , and standard hot loop models alone are completely inadequate (e.g., Athay 1981). Since linear theory is only valid in the limit of infinitely small perturbations, however, the question remains whether hot loops really can evolve to the cool states proposed in this picture.
The purpose of this paper is to examine numerically the nonlinear response of hot loops that are subjected to a variety of different perturbations. Our primary interest is in whether the unstable linear modes within low-lying loops can ultimately destroy the hot state of those loops. (Do the modes grow to large amplitude or do they quickly saturate?) In addition, we explore the effects of large amplitude perturbations on higherlying loops that are believed to be linearly stable.
On the basis of the above discussion we can identify three different classes of loops: (1) low-lying loops (z apex < 10 3 km), which admit both a cool state and a linearly unstable hot state; (2) intermediate height loops (10 3 < z apex < 5 x 10 3 km), which admit a cool state and a linearly stable hot state; and (3) high-lying loops (z apex > 5 x 10 3 km), which admit only a linearly stable hot state. We consider these three classes of loops separately in § § III, IV, and V. First, however, we give a detailed description of the model in § II. In § VI we discuss the results of the nonlinear calculations and consider some of the implications for the Sun.
II. THE MODEL a) Equations and Numerical Approximations
The basic numerical model we use to address the question of thermal stability was developed at the Naval Research Laboratory and is commonly known as the NRL Dynamic Flux Tube Model. It has been applied to a variety of problems, including steady flows , coronal bullets (Karpen ei a/. 1982), flares (Cheng et al 1983) , and quiescent prominences (Poland and Mariska 1986). As described in Mariska et al (1982) , the computer code solves the time-dependent equations of mass, momentum, and energy transport for a fully ionized solar plasma confined within a rigid magnetic flux tube :
where
and R = ne n p A(T).
The spatial coordinate, s, increases along the axis of the tube; p, P, T, and v are the mass density, total pressure, temperature, and bulk velocity, respectively; py is the gravitational acceleration parallel to the tube; y is the ratio of specific heats, taken here to be 5/3; k 0 is the coefficient of thermal conductivity; R is the energy loss rate due to radiation, where n e and n p are the electron and proton number densities; and e is the heating rate from external sources. Temperature and velocity can be assumed equal for all species since equilibration time scales are short compared to other time scales in the problem. In the absence of shocks, viscosity terms are unimportant for temperatures below 10 7 K. Completing the system of equations is the ideal gas law:
where n is the total number density and k is Boltzmann's constant.
As shown in Figure 1 , the flux tube consists of a semicircular coronal loop attached to long, straight chromospheric legs. only 1 x 10 3 km, but in later simulations it is increased to 3 x 10 3 ,4 x 10 3 , and 2 x 10 4 km. Variations in cross sectional area are neglected, and since many loop structures on the Sun are not vertical, we set gravity equal to one-half of its true surface value. This is equivalent to tipping the loop on its side by 60° from the vertical.
The calculations are performed on a finite-difference grid using time step splitting. Convective terms are treated with an explicit flux-corrected transport (FCT) algorithm (Book, Boris, and Hain 1975; Oran and Boris 1981) , and thermal conduction is solved implicitly. So as to adequately and efficiently resolve all parts of the atmosphere, we have gridded the flux tube in three separate sections: the lowest section contains 25 computational cells of 200 km each and comprises the bulk of the chromosphere; the middle section, which includes the transition zone, has 175 cells of only 1 km each; and, finally, the uppermost section contains 64 cells varying in size from 1 km at the bottom to 100 km at the top. With the exception of temperature, which has a cell-to-cell difference of up to 50% in the extreme lower transition zone, all physical variables in the initial atmosphere differ by less than 10% between adjacent cells. For some of the simulations the resolution remains adequate throughout, but for others the transition zone moves into the coarser parts of the stationary grid and the quantitative results become suspect. General conclusions should not be adversely affected, however.
To save on computing time we assume symmetry about the apex and consider only one-half of the complete flux tube. All gradients as well as the flow velocity must then vanish at the top. At the bottom of the model we impose constant temperature, rigid wall boundary conditions. The chromosphere is sufficiently deep, however (more than three gravitational scale heights), that any physically reasonable boundary conditions would be acceptable (Antiochos et al 1985) . Note that antisymmetric perturbation modes are excluded from our calculations. This is not significant, since the most unstable mode is always the lowest order mode , which in our case is symmetric.
b) Physical Assumptions
To describe the radiation we use a modified version of Raymond's (1979) optically thin radiative loss curve, A(T). It is similar to the curve shown in Rosner, Tucker, and Vaiana (1978, Fig. 10 ), except that a T 3 dependence is assumed for temperatures below 10 5 K to account for optical depth effects . The actual importance of these effects is unclear (Athay 1986), but since our principal motivation is to " verify " the instability result for low-lying loops, we have chosen a form that is inherently stabilizing . If a loop can be shown to be unstable under these conditions, then it will certainly be unstable under possibly more realistic conditions. We maintain this philosophy throughout. It is worthwhile to note that the cool solutions discussed by Antiochos and Noci (1986) are invalid if A(T) varies more weakly than T 2 below 10 5 K. The external heating function, e, is even more uncertain than radiation since the heating mechanism, itself, is unknown. Again we look for a form that does not artificially destabilize the system. Important restrictions here are that the heating rate not decrease explicitly with height or be strongly dependent upon pressure (McClymont and Craig 1985h) . Perhaps the simplest form which satisfies these requirements is that of constant energy input per unit volume, and we therefore adopt it.
A sticky question in the modeling of coronal loops is the treatment of the underlying chromosphere. Ultimately it should be treated self-consistently with explicit radiative transfer, but this presents considerable numerical complication and is of questionable value without additional detailed information on the chromospheric heating mechanism. We have therefore introduced an artificial chromosphere characterized by a fixed temperature of 2 x 10 4 K (corresponding to the Lya plateau). Approximately isothermal conditions are maintained by setting the radiation to zero whenever temperatures drop to a value below this. Other investigators have taken a different approach and specified a semi-empirical, nonisothermal chromosphere (e.g., Peres et al 1982; An et al 1983) . Those models require a highly specialized heating function to balance radiation, however, and it is not clear whether the local heating rate should follow the moving gas in a Lagrangian manner, remain stationary in space, or be somehow tied to the temperature distribution. We feel that our simplified treatment is equally satisfactory at this time.
It has been suggested that sharp discontinuities in the heating rate at the base may cause spurious effects in numerical models (McClymont and Craig 1985a; Craig, Robb, and Rollo 1982) . Shutting off the radiation abruptly in the chromosphere is equivalent to this; hence, to avoid potential problems we decrease the radiation smoothly to zero over a temperature interval of 500 K. Although our radiative loss curve is thus artificially steep in this range, the true loss curve is likely to be a very high power of temperature below the Lya peak (Athay 1986).
III. LOW-LYING LOOPS
We first consider the class of loops for which both hot and cool states exist and the hot state is linearly unstable (z apex < 10 3 km). Our test loop has a 10 3 km radius of curvature, corresponding to an apex height of only 500 km since the loop is inclined. The coronal base pressure is taken to be 1.0 dyn cm -2 , roughly intermediate between values commonly observed in active regions (Dere and Mason 1981) and the quiet Sun (Mariska 1986) . A uniform energy input of 1.3 x 10 -2 ergs cm -3 s -1 produces an apex temperature of 7.4 x 10 5 K. Figure 2 shows the initial run of temperature, pressure, and density along the axis of the tube. a) Perturbation Simulation The initial static atmosphere was derived with very fine spatial resolution, and when it is mapped onto the coarser grid of the time-dependent calculations there is no longer a perfect balance of the forces and energy fluxes. We treat these imperfections as small amplitude perturbations to the true equilibrium, and we allow them to evolve, keeping the heating rate and geometry fixed. Figure 3 shows the variation of temperature, pressure, and density with time at the top of the loop. A very slow cooling occurs initially, and in the first 1000 s the apex temperature and pressure both diminish by roughly 8%. Over the next several hundred seconds the pace of the evolution gradually increases until eventually, at t & 1650 s, a catastrophic cooling occurs: the apex temperature plummets from 4 x 10 5 K to 2 x 10 4 K in a matter of less than a minute. Density increases equally dramatically during this interval, but pressure, though reduced, is relatively unchanged. Before long the transient flows that are generated die down and the atmosphere approaches a new static equilibrium. It is a cool equilibrium of the type discussed by Antiochos and Noci (1986) . However, because the loop height is comparable to a gravitational scale height, the entire atmosphere has a chromospheric character. Density falls off hydrostatically toward the apex, but it remains sufficiently large that radiation can balance energy input without the temperature rising much beyond 2 x 10 4 K. On the real Sun the detailed structure of the final equilibrium will depend upon unknown details of the radiative loss rate and the heating mechanism. We expect, however, that the actual temperatures will be well below 10 5 K, so the evolved cool state will be essentially that of an extended chromosphere, as seen here.
It is instructive to now examine the evolution more closely. Figure 3 indicates the behavior of the top of the loop only; the behavior of the rest of the loop can be seen in the sequence of temperature profiles shown in Figure 4 . We see from this sequence that the chromosphere is continually expanding upward in response to the decreasing pressures of the corona. The amount of vertical rise is given by Az = -H g x AP/P, where H g is the gravitational scale height at 2 x 10 4 K and AP is the pressure decrease. By the time of the rapid cooling the chromosphere has expanded into 75% of the original coronal volume. The rate of expansion accelerates from only a fraction of a kilometer per second initially to a maximum of nearly 10 km s " 1 during the final stages.
Despite the upward intrusion of the chromosphere into the loop, the coronal densities change by very little. Clearly, therefore, hot material must be condensing onto the moving chromospheric interface. We will show shortly that a rapid cooling of the thin layer just above the chromosphere is expected on the basis of the unstable eigenmodes of the system.
For most of the simulation the atmosphere closely obeys the well-known scaling law for static loops (Rosner, Tucker, and Vaiana 1978) ,
where T max is the apex temperature and L is the coronal length. The evolution can therefore be described as a succession of quasi-static equilibria. This is not surprising, since the coronal cooling time and sound travel time, which determine how quickly equilibrium can be established, are either smaller than or comparable to the observed time scales. After 1650 s, however, the atmosphere changes too quickly for equilibrium to be established, and coronal flows of up to 20 km s -1 develop.
b) Eigenmodes Eigenmode analysis provides important insight into the nonlinear evolution described above. When constrained by boundary conditions, the perturbation equations for mass, momentum, and energy transport reduce to an eigenvalue problem whose solution consists of an infinite number of eigen-No. 1, 1987 Q.
aT e-T tuO o Time (s) Fig. 3 .-The evolution of temperature, pressure, and density at the top of the low-lying loop. Units are in the cgs system. Note that the vertical scale is logarithmic.
modes (Antiochos et al. 1985) . Each is associated with a growth or decay rate eigenvalue, and for this particular loop only the fundamental mode grows.
The temperature distribution of the growing eigenmode, 7i (s), has the interesting property of being sharply peaked in the lower transition zone near 4 x 10 4 K (FWHM « 3 km). Its magnitude is reduced by more than two orders of magnitude in the chromosphere and corona. This form may seem counterintuitive since the atmosphere is radiatively stable below 10 5 K for our assumed loss curve; however, the theoretical growth time is of the order of the radiative cooling time for the entire corona, indicating that the instability is in fact a global phenomenon (Antiochos et al. 1985) .
It now becomes clear how the loop atmosphere evolves. At each of the quasi-static equilibrium states the fundamental eigenmode corresponding to that state begins to grow. The lower transition region is affected most by this mode and experiences the greatest cooling. (The corona also cools, but to a much lesser extent.) As the chromosphere expands upward in response to the coronal pressure reduction, a new quasi-static equilibrium is achieved, characterized by slightly reduced values for the coronal pressure, apex temperature, and coronal length. The fundamental eigenmode corresponding to this new state is then excited and the process continues. In this way the corona is gradually destroyed from the bottom up. Eventually, the remaining corona reaches a low enough temperature (~4 x 10 5 K) that it rapidly cools en masse, and the quasistatic description breaks down. This scenario is, of course, highly oversimplified. The real evolution is continuous, rather than step-by-step, and there are no doubt many different eigenmodes excited at once. The picture is nonetheless instructive and seems to capture the essence of what is actually taking place. We note that observed cooling times after about the first 1500 s (after the stable modes in the initial perturbation spectrum have mostly decayed) are comparable to the growth times predicted by eigenmode theory (Antiochos et al. 1985) . They range from 500 s at t = 1500 s to 20 s at i = 1675 s. This result lends strong support to the conclusion that unstable linear modes drive the evolution.
IV. HIGH-LYING LOOPS
We next consider the class of loops for which only a hot state exists (z apex > 5 x 10 3 km). This state is believed to be linearly stable McClymont and Craig 1985a) . Our test loop has a 2 x 10 4 km radius of curvature-20 times larger than before. A coronal base pressure of 1.0 dyn cm -2 is retained, but the equilibrium apex temperature and energy input rate are now 1.9 x 10 6 K and 1.0 x 10" 3 ergs cm -3 s" 1 , respectively. Twenty-five extra computational cells have been added to the top of the grid to accommodate the additional length. According to linear theory, all of the eigenmodes in this loop decay. The fundamental mode is the slowest, with a decay time of the order of 1 year. Again it is sharply peaked in the lower transition zone.
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Position (km) Fig. 4 .-The temperature profile along the axis of the low-lying loop at six different times during the simulation equilibrium. This time, however, there are only minor adjustments to the initial imbalances and there is no evidence that the loop is unstable. We take this to be both a corroboration of the linear theory and a verification that the computer code is free of numerical instabilities.
To address the question of nonlinear stability we apply several different large amplitude perturbations to the loop. In each case the initial amplitude is 20%, meaning that the imposed temperature reduction is 20% of the equilibrium temperature at the point of maximum deviation. The first perturbation we consider has the form of the fundamental (least stable) eigenmode. We find the loop to be stable to this form: after 2500 s, or roughly one coronal cooling time, the apex temperature has changed by less than 1%. Furthermore, it has increased rather than decreased, contrary to what would be expected if the perturbation were growing. The chromosphere oscillates slightly instead of monotonically expanding, probably due to the passage of small sound waves generated in the original disturbance. All velocities are slower than 0.1 km s -1 at the end of the simulation.
Earlier investigators have suggested that long wavelength perturbations are more likely to be unstable than short wavelength ones, because the stabilizing effects of thermal conduction are reduced (Field 1965; Habbal and Rosner 1979; Oran, Mariska, and Boris 1982) . The other perturbations we consider therefore have a quarter sine wave form covering most of the corona (3 x 10 4 km). The 20% maximum temperature reduction occurs at the loop apex.
Figures 5 and 6 indicate the response of the loop to coronal perturbations having constant density and constant pressure, respectively. For a point near the apex, the figures show the time-dependent variations in temperature, pressure, and density. In both cases the atmosphere appears to be returning to its original, preperturbation state when the simulation is terminated. At that time the velocities have diminished to less than 2 km s -1 . We conclude that the loop is stable to these and, presumably, all other perturbations of similarly large amplitude and long wavelength.
We can understand this stability in terms of the changes that the long wavelength perturbations introduce into the conductive and radiative energy losses of the corona. Because of the imposed temperature reductions, the cooling from thermal conduction is substantially reduced (by one-third initially and by 10% toward the ends of the simulations). Radiative cooling is also diminished, or diminishing, as material drains from the lack of adequate thermal support. Since the energy input remains constant, an overall energy imbalance causes the corona to heat. Equilibrium can only be achieved when the temperatures and densities return to their original values.
The short term and local evolution of the loop is more closely related to flows and their associated enthalpy fluxes, however. Much of the detail in Figures 5 and 6 can be directly attributed to these effects. The atmosphere sloshes back and forth within the loop as it responds to high pressures and densities that occur alternately at the apex and base. loop, reflecting off the (unphysical) rigid wall at the top and the chromospheric interface at the bottom]. While some of this is clearly unrealistic, it does not appear to influence the long-term evolution or to jeopardize the stability result.
V. INTERMEDIATE HEIGHT LOOPS Last, we consider the class of intermediate loops having apex heights in the approximate range 10 3 < z apex < 5 x 10 3 km. These loops admit both hot and cool solutions, as do low-lying loops, but here the hot solution is linearly stable McClymont and Craig 1985a) . One might anticipate that the hot state is unstable to large amplitude perturbations, since an alternate cool state is available to the atmosphere. No such alternate state exists in the high-lying loops just discussed.
The cool state to which intermediate height loops would evolve is, in some sense, more interesting than the extended chromosphere state of evolved low-lying loops ( § III). Their greater height ensures that the final apex temperature would be hotter than chromospheric, since higher temperatures are required for radiation to balance energy input at the lower densities. Warmer cool loops of this type are needed to explain the emission measure observations in the picture proposed by Antiochos and Noci (1986) and Dowdy, Rabin, and Moore (1986) .
We have examined the nonlinear stability of two different loops in the intermediate height class. Their 3 x 10 3 km and 4 x 10 3 km radii of curvature correspond to vertical heights of 1.5 x 10 3 km and 2 x 10 3 km, respectively. A coronal base pressure of 1.0 dyn cm -2 was once again assumed. Large amplitude perturbations similar to those described above were applied to both loops, and, to our surprise, the loops appear to be stable. The simulations were terminated when it became clear that the atmosphere would return to its original hot equilibrium. There is no evidence for a cooling to a new equilibrium state.
VI. DISCUSSION a) General Results
The outcomes of our numerical simulations suggest two general results concerning the stability of hot coronal loops: (1) low-lying loops with apex heights <10 3 km are nonlinearly unstable to small amplitude perturbations (the perturbations are able to grow to large amplitude without saturation); and (2) intermediate and high-lying loops with apex heights ^10 3 km are stable to all physically reasonable perturbations, including those of large initial amplitude and long wavelength. These results are fully consistent with the most recent linear theories (Antiochos et al 1985; McClymont and Craig 1985a; Antiochos and An 1987) and extend those theories into the realm of physical observation. They are limited, however, by the assumptions of the model. In particular, constant energy input per unit volume, optically thick Lya radiation, uniform cross sectional area, and rigid magnetic fields have all been assumed. We believe that most of these assumptions will, if KLIMCHUK, ANTIOCHOS, AND MARISKA Vol. 320 416 Fig. 6 .-As in Fig. 5 , but for the isobaric coronal perturbation anything, have a stabilizing influence on the loops ( § II). Hence, the instability result for low-lying hot loops is less restricted. We plan to carefully evaluate the effects of the assumptions in future simulations.
Assumptions about the energy input and radiative losses can also affect the equilibrium structure of cool loops (Antiochos and Noci 1986; Wqods, MacGregor, and Holzer 1987; Woods, Holzer, and MacGregor 1987) . The 5 x 10 3 km upper height limit we have used for these loops is only approximate since it depends rather strongly on the details of these assumptions. For example, cool solutions with uniform energy input are invalid if the optically thin radiative loss curve is an accurate representation of the actual radiative losses for this region. However, for specialized forms of the heating function, Woods, MacGregor, and Holzer (1987) have found cool-type solutions which extend to great heights using optically thin radiation. In addition, the momentum deposition associated with mechanical heating could play an important role in the structure of the equilibrium atmosphere (Woods, Holzer, and MacGregor 1987) .
The result that high-lying loops (z apex >5 x 10 3 km) are stable to large amplitude perturbations was obtained previously by at least two other groups of investigators using somewhat different numerical models (Peres et al. 1982; Craig, Robb, and Rollo 1982) . Antiochos et al. (1985) have pointed out that the results of Craig, Robb, and Rollo may be susceptible to boundary condition effects, however. In another simulation performed by An et al. (1983) an initial perturbation began to grow, but we attribute this apparently contradictory result to the inherently destabilizing heating function that was assumed McClymont and Craig 1985h) . Also, the authors find evidence that the instability will ultimately saturate before a cool state is achieved.
The physical reason for the different stability properties of intermediate and low-lying hot loops is not obvious at this time. In both cases an alternate cool state exists, yet only the low-lying loops are thermally unstable. It is interesting that the height division between these two classes is comparable to the gravitational scale height at the base (~ 10 3 km). This seems to suggest that the stability of a loop may be related to the ability or inability of the chromosphere to expand into a large fraction of the coronal volume: in low-lying loops the chromosphere can fill the entire loop ( § III), but in intermediate height loops the temperatures must rise beyond chromospheric in order for radiation to balance energy input at the greater altitudes (and lower densities).
One implication of this interpretation is that the stability of a loop is independent of its geometry-only its maximum height. In long, flat loops, such as are common on the Sun (Klimchuk 1987; Giovanelli 1980) , the chromosphere is free to expand throughout the loop as long as the height is not great. This is counter to the linear result of McClymont and Craig (1985a, Fig. 6 ) that a loop's stability is more closely related to its total length than its height.
To test this result we have performed a perturbation simulation on a low-lying loop that is both long and flat. The loop was constructed by taking the circular loop from § III (z apex = 500 km) and adding a straight horizontal section in the middle. No. 1, 1987 The resultant ratio of length to height is 10:1. We find this loop to be stable to both small and large amplitude perturbations, in support of McClymont and Craig (1985a) . It appears, therefore, that the physical interpretation presented above is somehow oversimplified. We are studying this question presently and hope to provide more insights in a later paper.
b) Implications
We now consider some of the implications of our results. First, the nonlinear instability of low-lying, compact hot loops implies that these loops should not be common on the Sun. Perturbations are constantly being generated by the turbulent photosphere, so if a hot state exists, it will not survive for anything but a very short period. Fine structure seen in Lya (Bonnet et al 1980) may be one manifestation of the chromospheric state to which these hot loops evolve. Elongated hot loops can persist indefinitely, on the other hand, even if they are low-lying.
Second, the stability of intermediate height hot loops to large amplitude perturbations implies that cool loops with temperatures near 10 5 K must be formed in their cool state initially; they cannot evolve easily from preexisting hot loops. Whether cool loops of this type should be expected on the Sun is therefore open for debate. This is an important issue, since cool loops at these temperatures have been proposed to explain the observed distribution of emission measures both on the Sun (Antiochos and Noci 1986; Dowdy, Rabin, and Moore 1986) and other late-type stars (Antiochos, Haisch, and Stern 1986) .
Third, the stability of high-lying hot loops to large amplitude perturbations implies that hot loops need not be continually dynamic. Hot loops will respond to perturbations with mass motion, but eventually these motions die down and static or nearly static conditions can ultimately be achieved. Doppler shifts of the magnitudes observed (e.g., Brueckner 1980) suggest that large disturbances comparable to those in § § IV and V may, in fact, occur on the Sun.
In conclusion, we suggest a possible scenario for the evolution of loops as a group. The solar magnetic field is continually rearranging due to surface motions, and it is reasonable to suppose that at any given time many loops may be rising or falling, or stretching or shrinking in a lateral direction. We envision that some thermally stable hot loops sink (or shrink) to the regime of instability, whereupon they cool, and some cool loops rise to the critical height at which only the hot state is valid, whereupon they heat. Displacement of the chromosphere is involved in both these processes ( § III), and we speculate that the ubiquitous seething motions seen in Ha movies may be due, in part, to loops that are evolving between the hot and cool states. It is interesting that the expansion velocities of the chromosphere in our simulation (~ 10 km s -x ) are comparable to the observed velocities of spicules seen at the limb (Beckers 1972). We note, however, that spicules attain much greater heights than can be reached by an expanding, gravitationally stratified chromosphere.
High spatial resolution observations such as are expected from HRSO may provide valuable information on the stability of loops, including the dynamics of related processes such as the ones described above.
